. Cerebral microinfarcts were identified and classified as cortical or subcortical. Baseline and BP trajectories were compared for groups with no microinfarcts, subcortical microinfarcts, and cortical microinfarcts. A secondary logistic regression analysis was performed to assess associations of subcortical microinfarcts with midlife hypertension, as well as systolic and diastolic BP slopes.
H igh blood pressure (BP) is prevalent in the elderly population 1, 2 and is associated with cerebrovascular pathology 3 and cognitive impairment, particularly when onset occurs in midlife. 4 However, it has been shown that low BP in older adults is associated with cognitive impairment and dementia, perhaps due to pathology related to cerebral hypoperfusion. 5 Microinfarcts are the most common vascular brain pathology identified in older adults at autopsy and contribute to cognitive impairment as much as macroscopic infarcts. [6] [7] [8] A previous association has been shown between a global burden of more than 2 microinfarcts and higher systolic BP in adults aged 65 to 80 years who underwent autopsy, with no association in adults older than 80 years. 9 Similarly, in the very old (≥90 years) population, microinfarcts were not associated with traditional vascular risk factors, such as high BP, high cholesterol level, and diabetes. 10 Although microinfarcts are not typically visible on magnetic resonance imaging (MRI), the presence of macroinfarcts, white matter hyperintensity volume, and hemorrhages correlate with the presence of microinfarcts at autopsy. 11 The associations of risk factors for microinfarcts differ according to age and microinfarct location. At autopsy, cortical microinfarcts are associated with amyloid angiopathy, and subcortical microinfarcts are associated with arteriolosclerosis and atherosclerosis. 12 Prior studies have focused on the presence or absence of hypertension or single-visit BP measures. We present a populationbased study investigating systolic and diastolic BP slopes utilizing BP measurements at multiple visits and their associations with subcortical and cortical microinfarcts at autopsy.
Methods

Participants
The study cohort comprised participants in the population-based Mayo Clinic Study of Aging (MCSA) 13, 14 who died from November 1, 2004, through March 31, 2016, including both autopsied and nonautopsied participants ( Figure 1 ). The study enrolled individuals without dementia from Olmsted County, Minnesota. Full details of the study design have been published. 13 Study participants undergo annual clinical and neuropsychological examinations. The Short Test of Mental Status (score range, 0-38, with 38 indicating the highest level) 15 was administered as a global cognitive screen at each visit. The presence and location of microinfarcts were abstracted from the autopsy reports. Participants with chronic microinfarcts identified at autopsy were included in the study, but participants with acute and subacute microinfarcts were excluded from the study to avoid potential confounding effects of the terminal illness. In addition, participants with only infratentorial microinfarcts (n = 4) were not used in primary analyses because of the small number. A participant with microinfarcts secondary to intravascular metastasis also was excluded. The study protocols were approved by the Mayo Clinic and Olmsted Medical Center institutional review boards. All individuals provided written informed consent to participate in the study and in the imaging protocols. Participants received financial compensation.
Neuropathology
Neuropathologic sampling followed recommendations of the Consortium to Establish a Registry for Alzheimer's Disease. 16 Regions sampled included anterior cingulate, posterior cingulate, anterior hippocampus, posterior hippocampus (sampled at the level of the lateral geniculate nucleus), primary motor cortex, middle frontal gyrus, inferior parietal lobule, superior temporal gyrus, primary visual/visual association cortices, nucleus basalis, amygdala, basal ganglia, caudate, thalamus, cerebellum, midbrain, pons, medulla, pituitary, optic nerve, and olfactory bulb.
Microinfarcts were identified by board-certified neuropathologists (D.W.D., R.R.R., and J.E.P. 
Key Points
Question Are blood pressure slopes associated with the development of microinfarcts?
Findings In this population-based study of 303 patients who underwent autopsy, those with microinfarcts did not differ on baseline blood pressure compared with those with no microinfarcts. Yet, participants with subcortical microinfarcts had a greater annual decline of blood pressure.
Meaning Subcortical microinfarcts were associated with declining blood pressure, and the presence of microinfarcts is associated with cognitive decline, which is an important consideration when setting blood pressure targets in elderly individuals.
while those in the deep gray and white matter structures were classified as subcortical. Microinfarcts in the brainstem and cerebellar cortex (infratentorial) were not included in the analysis. Six participants had both subcortical and cortical microinfarcts and were classified as mixed. Braak neurofibrillary tangle stage was used to assess Alzheimer disease burden, and the presence of Lewy body pathology was recorded.
BP Measurements and Medications
At each research visit, brachial BP was measured twice approximately 2 minutes apart with the participant in a seated position. The second measurement from each visit was used in our analysis. A subset of participants (n = 2) had only 1 measurement during a visit. One participant was in the nomicroinfarct group and 1 was in the cortical infarct group used for analysis. Blood pressure slopes over time were calculated for each of the participants except the 47 with only 1 time point. For the 48 participants with 2 two time points, the slope for each was the difference in measurements divided by the increase in time. For the 198 participants with more than 2 measurements, the slope for each was extracted from a simple linear regression. Times between measurements were fairly consistent: for the no-microinfarct group, the mean (SE) time between BP measurements was 1.37 (0.01) years, and for the microinfarct group, the mean time between BP measurements was 1.39 (0.03) years. At each visit, participants self-reported their current medications. The medication name was recorded.
Statistical Analysis
Because a subset of participants underwent autopsy, characteristics of the autopsy cohort were compared with the group of those who died but did not undergo autopsy to confirm the similarity of cohorts and, therefore, representativeness of the sample. Participant characteristics were compared between the no-microinfarct and any-microinfarct, no-microinfarct and cortical microinfarct groups, and no-microinfarct and subcortical microinfarct groups using 2-tailed, unpaired t tests for differences in the continuous measures and χ 2 tests for differences in proportions for categorical variables. A secondary logistic regression analysis was performed to assess associations of cortical and subcortical microinfarcts (present/absent) excluding mixed cases with midlife hypertension, systolic BP slope, and diastolic BP slope while adjusting for time between last BP measurement and death. Time was square root transformed to improve model diagnostics. Because neither age nor sex was significant when included in any of the models and adjusting for age and sex made no qualitative difference to the results of interest, we report results without adjustment for those 2 variables. SAS, version 9.4 (SAS Institute) and R statistical software, version 3.1.1 (R Foundation) were used for data analysis.
Results
The autopsy cohort (n = 303) and the group of individuals who died but were not autopsied (n = 855) were similar for all characteristics except educational level, with autopsied participants having a mean of 1 year more of education (1.06; 95% CI, 0.66-1.47 years; P < .001) (eTable in the Supplement). Among the autopsy cohort, 177 (59.6%) were men; mean (SD) age at death was 87.2 (5.3) years.
In the MCSA autopsy cohort with antemortem blood pressure measurements (n = 297), 47 (15.8%) had chronic microinfarcts ( Figure 1) . Thirty (63.8%) of these participants Characteristics by microinfarct status (none, any, cortical, or subcortical) are reported in Table 1 . Participants with mixed microinfarcts were included in both the cortical and subcortical groups. The study group with cortical microinfarcts had a trend for a higher proportion of apolipoprotein E (APOE) ε4 carriers than the group with no microinfarcts (mean difference, 16%; 95% CI, −2% to 35%; P = .05). All other characteristics were similar across the study groups. We investigated pathologic differences in Alzheimer disease likelihood and the presence of Lewy body pathology across the study groups and found no associations.
Participants with any microinfarcts (subcortical, cortical, and/or infratentorial) did not differ significantly on baseline systolic (mean difference, −1.48; 95% CI, −7.30 to 4.34; P = .62) and diastolic (mean difference, −0.90; 95% CI, − 3. 9 3t o2. 13;P = .56) BP compared with the group with no microinfarcts. Furthermore, those with no microinfarcts did not differ significantly on baseline systolic BP from those with subcortical microinfarcts (mean difference, −4.24; 95% CI, −12.86 to 4.39; P = .33) or cortical microinfarcts (mean difference, 3.27; 95% CI, −3.83 to 10.36; P = .37). Similarly, those with no microinfarcts did not differ significantly on baseline diastolic BP from those with subcortical microinfarcts (mean difference, 0.03; 95% CI, −4.46 to 4.51; P = .99) or cortical microinfarcts (mean difference, 2.18; 95% CI, −1.50 to 5.87; P = .24) (Table 2, Figure 2 ). However, participants with subcortical microinfarcts had significantly greater annual decline (ie, negative slopes) for both systolic BP (mean difference, 4.66; 95% CI, 0.13 to 9.19; P = .04) and diastolic BP (mean difference, 3.33; 95% CI, 0.61 to 6.06; P = .02) (Table 2, Figure 2) . The logistic regression model for the probability of a subcortical microinfarct, adjusted for time from last BP measurement to death, showed significant associations with systolic and diastolic slopes. For every 1 unit of positive change in the systolic or diastolic slopes, the predicted odds of a subcortical microinfarct were reduced (odds ratio [OR], 0.94; 95% CI, 0.89-0.99; OR, 0.90; 95% CI, 0.82-0.98, respectively). These correspond to ORs of 0.57 (95% CI, 0.35-0.94) and 0.54 (95% CI, 0.33-0.89) for each SD increase in the systolic and diastolic slopes. Conversely, for every unit of negative change in systolic or diastolic slopes, the odds of a subcortical microinfarct increased (OR, 1.06; 95% CI, 1.01-1.12; OR, 1.1; 95% CI, 1.02-1.22, respectively). These values correspond to ORs of 1.76 (95% CI, 1.07-2.89) and 1.87 (95% CI, 1.13-3.07) for each SD decrease in the systolic and diastolic slopes. For example, we would estimate that an individual whose systolic BP is decreasing by 10.59 mm Hg per year would have an odds of a subcortical microinfarct that is 1.76 times greater than one whose systolic BP is decreasing by 1.31 mm Hg per year. The rate of systolic BP decrease in the first participant is 1 SD below that of the second. Midlife hypertension, however, did not indicate the presence of subcortical microinfarcts at autopsy ( Table 3) .
Discussion
We found an association between a steeper decline in BP in older adults and the presence of subcortical microinfarcts at autopsy. We were unable to demonstrate a cross-sectional difference in baseline BP measurements between those with subcortical or cortical microinfarcts and those without cerebral microinfarcts. An advantage of our study was the ability to use 2 or more BP measurements to assess change in BP on microinfarct presence at autopsy in contrast to existing reports, which have focused on cross-sectional BP measurements or hypertension diagnosis. 8, 9, 18 Because BP varies significantly during life 19 and orthostatic hypotension becomes more common with advancing age, a single snapshot may be insufficient to understand the association between BP and microinfarcts. In addition, we investigated microinfarcts by subcortical or cortical location. Only cortical microinfarcts demonstrated a trend for an association with the presence of the APOE ε4 allele. Since subcortical and cortical infarcts may be etiologically distinct, 12 combining them into a global measure would have obscured the associations with specific predictors. This separation by location of the microinfarct allowed us to show the association between subcortical microinfarcts and decreasing BP.
Aging and high BP lead to vessel-wall remodeling, 20 targeting arteries and arterioles in particular that supply the deep white matter and basal ganglia (subcortical regions). This vessel-wall remodeling has important implications for cerebral autoregulation, which is the mechanism that maintains cerebral blood flow relatively constantly in the face of changing BP. In response to high pressure, the blood vessel constricts, and in response to low pressure, the blood vessel dilates. With a drop in BP, the damaged blood vessel is unable to dilate. Damage from high BP and aging causes a shift of the pressureflow curve to the right, so higher pressures are needed to maintain the same level of cerebral perfusion. Consequently, drops in BP can no longer be compensated and may result in ischemia. 21 Impaired cerebral autoregulation is associated with periventricular white matter damage, 22 and white-matter lesions on MRI are associated with pathologic markers of hypoxia. 23 This mechanism has not been studied in microinfarcts, but microinfarcts have been shown to be associated with atrophy in the border zones between vascular territories independent of Alzheimer disease pathology. 24 Aortic stiffness increases with age, particularly after 60 years, leading to transmission of excessive pulsatility to the brain and the kidney. This increase causes microvascular remodeling to protect the capillaries from the effects of increased pulsatility, which, however, limits the autoregulatory response and exposes the brain to repeated episodes of ischemia when the BP drops. 25 The results of this study are timely as the optimal targets for BP control are being reassessed. 26 Although we did not find evidence that antihypertensive treatment was associated with the development of microinfarcts in our cohort, information on antihypertensive treatment in our study was limited. Prior studies have shown an association between cortical microinfarcts and amyloid angiopathy. 12, 27 In congruence with these findings, cortical microinfarcts were associated with the presence of an APOE ε4 allele but not with BP.
Limitations
This study has several limitations. Since sampling was restricted to certain regions of the brain, we may have missed microinfarcts in other regions, likely underestimating the microinfarct burden. The frequency of microinfarcts (15.8%) in this study is slightly lower than that in other studies on microinfarcts, such as the Baltimore Longitudinal Study on Aging (21.8%) 8 and the study from the Rush Memory and Aging Project and the Religious Orders Study (28.1%). 12 Although the difference could be related to sampling, the MCSA is a population-based cohort and only enrolls participants without dementia, which could bias the sample toward a lower frequency of microinfarcts. In addition, this study relied on brachial measures of BP; measures of aortic BP, if available, might have provided important alternative mechanistic information. This study reported associations between microinfarcts and BP and, therefore, does not imply causation. It is possible that subcortical microinfarcts or another factor associated with them contribute to declining BP. Recent studies have demonstrated that a subset of microinfarcts may be detected on 7T and 3T MRI. 28 Future studies evaluating BP trajectories in these patients will be of interest.
Conclusions
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